In this paper, we consider the problem of improving the accuracy of time difference of arrival (TDOA) and frequency difference of arrival (FDOA)-based geolocation for unknown emitters. Our approach integrates multiple geolocation results by using a recursive least mean square (RLMS) algorithm and removing outliers. Simulation results show that the proposed method improves geolocation accuracy and that gating effectively removes the outliers. For instance, if two out of 20 measurements are outliers, then the root mean square error (RMSE) of the proposed method has been reduced by 74.31% (12.84 km) compared with conventional methods. Keywords: TDOA/FDOA, geolocation, RLMS, gating Classification: Sensing 
Introduction
In satellite communication, uplink interference from unknown emitters has posed a severe problem. With regard to radio monitoring, a geolocation algorithm (shown in Fig. 1 ) using time difference of arrival (TDOA) and frequency difference of arrival (FDOA) between the main and adjacent satellites has been developed [1] [2] [3] . However, when the accuracy of the TDOA and FDOA measurements is insufficient, geolocation accuracy degrades. In the worst cases, (especially outliers) these results are completely unusable. In the real time monitoring, measurement data sets are obtained sequentially over time. In these cases, it is conventional to update the estimation on the basis of newly collected data. This is called the recursive least mean square (RLMS) method [4] . Furthermore, in cases where coarse data sets are obtained, gating methods can be applied to exclude and abandon them [5] . In this paper, we apply RLMS with gating to TDOA/FDOA-based geolocation. We further show, by numerical simulation, the benefits of our proposed method. . The coordinate transformation between the two coordinates is then defined as: 
where E R is the radius of the earth.
TDOA/FDOA measurement model
As shown in [1] , measurement models of TDOA and FDOA between two satellites with the help of known reference stations are described as follows:
{ } E v σ = to be the error variance of the TDOA and FDOA measurements. Thus, the TDOA/FDOA measurement error covariance matrix R is defined as:
Furthermore, we assumed that the unknown emitter was located on the surface of the earth. Hence:
Conventional TDOA/FDOA geolocation
Using equations (4) and (6), the estimated emitter location was obtained by solving the following least square problem. We describe the coordinates using subscripts ecef and polar for clarity. In the polar coordinates, the geolocation problem can be recast as follows: 
T t polar t polar si si t polar si si
The constraint of the unknown emitter being located on the earth's surface is incorporated in (8). Thus, the above problem can be solved using a conventional iteration procedure, such as the Gauss-Newton method [4] .
Error covariance matrix of the conventional method
The error covariance matrix of , t polar p  is obtained by the following equation: 
Each element in (10) is derived as follows:
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, ,
The first terms of the right hand side of (11) and (12), are obtained by using (4): 
Initialization k = = = P Q x p  ■TDOA/FDOA localization Solve the optimization problem for (7) and (8), and obtain , ,
■If inside the gate: Update the cumulative location by RLMS
■If outside of the gate: Stay (memory track) Fig. 3 (a) shows the geometry of the unknown emitter, reference, and two satellites. We assumed that two satellites were located at 150degE and 154degE. The orbital elements were obtained from NORAD element sets [6] . The frequency was 14 GHz (Ku band). The unknown emitter was located at Kyoto, and the reference was located at Tokyo. The accuracy of TDOA and FDOA were 5 µs and 5 mHz, respectively. The number of EL geolocation results was 20 and were obtained sequentially. Following this, we evaluated the RMS of the geolocation error of the CL by running a Monte Carlo simulation 1000 times. Next, we set the gate parameter γ to 18.42068074 (0.9999 %). Finally, the outliers were added to the TDOA and FDOA measurements at random timing with 3σ error. First, we evaluated the relationship between RMSE of the CL and the number of ELs for two outliers with random timing. Second, we evaluated the relationship between the RMSE of the CL at 20 k = and the number of outliers. Fig. 3 (b) shows an example of the CL, EL, and gating of the proposed method, Fig.  3 (c) shows the RMSE of the CL and EL versus the number of ELs when there are two outliers, and Fig. 3 (d) shows the RMSE of CL and EL at 20 k = versus the number of outliers. In (b), the blue-squared plots indicate 20 of the ELs obtained sequentially over time. The black lines indicate the ellipsoidal gate for each gating process. The red-starred line shows how the CL is converging at each process. In (c) and (d), the proposed method, the proposed method without gating, and theoretical error bounds of the ELs and CL derived in (16) and (24) are also plotted. In (b), we observed that the two outliers were outside of the gate, and the CL (red plot) converged to the true location (Kyoto). In (c), we observed that the RMSE of CL of the proposed method decreased as the number of ELs increased; however, the theoretical EL remained unchanged. For example, the RMSE of the CL of the proposed method decreased by 74.31% (12.84 km) after 20 ELs. In theory, if the satellite movement is small enough during the measurement, the improvement should be 1 / 20 or 77.63%. On the other hand, two among 20 ELs were removed by gate in this case. Therefore, the improvement should be 1 / 18 or 76.43%. Thus, the RMSE value of the CL for the proposed method is slightly larger than the value of theoretical CL. On the other hand, the RMSE of CL without gating did not decrease as quickly as that of the proposed method, as the outliers were not properly removed by gating. For example, when 20 k = , the RMS of the CL without gating increased by 39.82% (2.92 km) compared with that of the proposed method. From (d), we confirmed that as the number of outliers increases, the RMSE of CL for the proposed method increased; the theoretical CL remained unchanged. Thus, the improvement should theoretically be 1 / 15 or 74.18%. It is for this reason that the RMSE of the CL for the proposed method was slightly larger than the value of theoretical CL. In addition, the RMSE of the CL without gating increased more rapidly than that of the proposed method. This was also because the outliers are not being properly removed by gating. For example, when the number of outliers was five, the RMSE of the CL without gating increased by 102% (5.23 km) compared with that of the proposed method. 
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Conclusion
In this paper, we proposed a TDOA/FDOA-based geolocation method using an RLMS algorithm with gating. Simulation results showed that the accuracy of the CL improved as the number of EL increases, owing to the RLMS algorithm. Furthermore, outliers were effectively removed using gating. For instance, when two out of 20 measurements were outliers, the RMSE of the CL for the proposed method was reduced by 74.31% (12.84 km) compared with the theoretical EL value.
